Between 1979 and 1989, families enrolled in the Houston Family Study were prospectively monitored for influenza virus infections. Reinfection with the H3N2 subtype occurred in a number of family members, and 6 pairs of isolates (interval between collection of first and second isolate, 2-5 years) were available for molecular analysis. Changes in the hemagglutinin genes of pairs of viruses isolated from the same individuals were examined to determine the molecular basis for reinfection. The findings of this study indicate that reinfection of an individual by viruses of the same subtype may occur within a relatively short period of time when the paired strains have genetically distinct hemagglutinin genes in which amino acid changes are present in the defined antigenic sites.
Between 1979 and 1989, families enrolled in the Houston Family Study were prospectively monitored for influenza virus infections. Reinfection with the H3N2 subtype occurred in a number of family members, and 6 pairs of isolates (interval between collection of first and second isolate, 2-5 years) were available for molecular analysis. Changes in the hemagglutinin genes of pairs of viruses isolated from the same individuals were examined to determine the molecular basis for reinfection. The findings of this study indicate that reinfection of an individual by viruses of the same subtype may occur within a relatively short period of time when the paired strains have genetically distinct hemagglutinin genes in which amino acid changes are present in the defined antigenic sites.
Influenza A(H3N2) viruses appeared in humans in 1968 and have been the most important causes of influenza-related morbidity and mortality since then [1] . The remarkable epidemiologic success of influenza viruses is due to genetic change and the subsequent antigenic variation that occurs in the 2 surface glycoproteins of the virus, hemagglutinin (HA) and neuraminidase. These changes, particularly changes in HA, mean that an individual may be susceptible to infection with new variants of the same subtype, despite previous exposure to related influenza viruses. H3N2 viruses in particular have continued to circulate among humans for .30 years, despite the fact that immunity generated by natural infection may provide some protection against successive antigenic variants [2] [3] [4] .
Regional influenza A(H3N2) virus epidemics that occurred in the 1970s were studied extensively by the Influenza Research Center at the Baylor College of Medicine (Houston, TX). Couch and Kasel [3] reported immunity in young adults that resulted from infection with the original influenza A/Hong Kong/68 virus that caused the epidemics of 1968-1969, 1969-1970, and 1971-1972 . Moderate protection was provided against the next 2 variants isolated from human hosts, influenza A/England/42/ 72 virus, which caused the epidemic of 1972-1973, and influenza A/Port Chalmers/1/73 virus, which caused the epidemic of [1974] [1975] . This protection, however, did not extend to the next variant, influenza A/Victoria/3/75 virus, which was responsible for an explosive outbreak during the following winter. Likewise, infection by the influenza A/Victoria/3/75 virus did not appear to confer protection against the subsequent virus, influenza A/Texas/1/77 [5] . Phylogenetically, the influenza A/ Victoria/3/75 virus is a variant located on a side branch of the influenza virus evolutionary tree. In 1983, Frank and Taber [4] reported that good protection against influenza A/Bangkok/1/ 79 virus infection was afforded by prior infection with the A/ Texas/1/77 variant. The next major variant, Philippines/2/82, caused the epidemic of 1984-1985. The reinfection rate for this variant was twice as high (16.3%) for persons who had experienced an H3N2 infection in 1982-1983 as it was for those who were infected with H3N2 in 1980-1981 (8.5%) (P , :05), which suggests that the variant circulating in 1984-1985 was significantly different from the H3 viruses circulating in the previous season (W.P.G., unpublished results).
This report examines changes in the HAs of pairs of viruses isolated from the same individuals, to determine the molecular basis for reinfection with influenza A(H3N2) viruses among individuals enrolled in the Houston Family Study (HFS) between 1980 and 1988. The findings of the present study indicate that reinfection may occur within the same subtype, within a relatively short period of time, when the paired strains have genetically distinct HAs with several changes in antigenic sites. Indeed, surveillance data from field isolates indicate that new drift variants of epidemiologic importance generally have > 4 amino acid substitutions located in >2 of the antigenic sites on the HA molecule [6] . The present study examines molecular changes in sequential isolates from the same individual to increase understanding of the process by which reinfection occurs.
Methods
Surveillance and laboratory methods. The methods of surveillance for influenza virus infection and laboratory identification of influenza viruses in the HFS have been described elsewhere [7] . In brief, families were enrolled after the birth of an infant, and the whole family was observed for respiratory virus infections for the duration of the study. If respiratory illness occurred, nasal wash or throat swab specimens were obtained for viral culture, and serum samples were obtained before and after each respiratory virus infection season.
Viruses used in study. Thirty influenza A(H3N2) viruses were used in this study for genetic and phylogenetic analysis. Thirteen pairs of isolates were obtained from subjects in the HFS, who ranged in age from 1 month to 43 years; only 6 pairs (12 isolates) were successfully amplified for genetic analysis. The remaining strains are representative epidemic and circulating strains found at some point from 1968 through 1992. In the paired isolate sets, "A" isolates were recovered during the primary H3N2 infection, and "B" isolates were recovered from the same individual after reinfection with H3 influenza virus. Antigenic analysis was not carried out, because the amount of available material was insufficient.
Nucleotide sequencing. Viruses were propagated at a low MOI in embryonated eggs (reference and circulating strains) or MDCK cells (HFS study isolates; American Type Culture Collection), and viral RNA was purified with the Qiagen RNeasy kit (Qiagen). For the 9 isolates that could not be propagated, RNA was extracted directly from the virus material received at the Centers for Disease Control and Prevention (CDC). The HA1 domain of the HA gene was amplified by reverse-transcription polymerase chain reaction (PCR). PCR-derived double-stranded DNA was used as a template for dye terminator sequencing using a model 373A DNA sequencer (Perkin-Elmer). Four primers complementary to the plus-sense RNA strand were used to sequence the HA1 domain. Primer sequences are available on request.
Phylogenetic analysis. Sequence data were analyzed using version 8.1 of the sequence analysis software package of the University of Wisconsin Genetics Computer Group (http://www.gcg.com). Version 3.57 of the Phylogeny Inference Package (PHYLIP) was used to estimate the phylogenies from the nucleotide sequences with the NEIGHBOR program, and the dendrogram was drawn using the DRAWGRAM program. The neighbor-joining method was selected as the algorithm to describe the relationships. Bootstrap values were obtained using 100 replicates.
Nucleotide sequence accession numbers. Sequences generated in this study have been deposited in GenBank under the accession codes AF00861, AF008866, AF008891, AF008892, AF008894, AF008907, AF405206-AF405212, and AF450246. The remaining sequences were obtained from GenBank.
Results
Evolutionary relationships between viruses. Cocirculation of multiple genetic lineages of influenza A(H3N2) viruses has been well documented [8] ; however, these genetically distinct lineages may not be antigenically distinguishable. Phylogenetic analysis of the paired isolates from the present study is shown in figure 1A . This dendrogram contains only a subset of the field strains collected during the time period in question and demonstrates the presence of 2 distinguishable clades. The clades are defined by shared synonymous and nonsynonymous mutations in comparison with Bangkok/1/79, the vaccine strain from which these isolates evolved. It should be noted that viruses isolated from each individual during sequential infections were located in separate clades, with the exception of pair 1A and 1B, which were located in the same clade of the evolutionary tree. This observation may reflect an inability to mount a protective immune response to the primary infection, because the patient from whom these viruses were isolated was only 4 weeks old at the time of the first infection.
Amino acid differences between pairs of viruses. Five antibody-combining sites have been identified in the HA1 domain of HA [9] ; mutations sustained in the antibody-combining sites located in and around the receptor-binding site can result in antigenic changes. Therefore, the location and nature of the amino acid differences between the isolates in each pair was of interest. The number of amino acid differences observed between the viruses in each pair ranged from 9 to 22, and the majority of these changes were in residues that form the 5 antibody-combining sites of the HA protein (table 1) . With the exception of pair 6, members of each pair differed by > 2 amino acids in >2 antibody-combining sites. Table 2 lists the residues that differed between the members of each pair of isolates. Amino acid differences Gly124Ser, Asp144Val, Val163Ala, Asn173Lys, Asn248Thr, and Lys307Arg were shared by 5 of the 6 pairs. The Gly124Ser change was not observed in pair 6; the Val163Ala change was not seen in pair 1. These 6 amino acids can be assigned to 4 of the 5 antibody-combining sites: residues 124 and 144 are in site A, 163 is in site B, 307 is in site C, and 173 and 248 are in site D. In addition to these 6 highly conserved changes, Asn209Ser in site D and Ile67Val in site E were seen in 4 pairs each, and Thr262Asn in site E was seen in 3 pairs. Figure 1B shows that residues 144, 163, 173, and 248 are located in the globular-head region, and residue 307 is located in the stalk region near the putative second ligand-binding site [10] . Coding changes at residues 124 and 248 may be important with regard to antigenicity; viruses with changes at these positions can be distinguished from one another in hemagglutination inhibition tests (CDC, unpublished data). In addition, these coding mutations at residues 124 and 248 alter the presence of potential glycosylation sites.
Glycosylation sites in HA. Glycosylation sites are variable in both location and number on HA among different strains of the same subtype. The HA molecules of different strains contain 4-11 glycosylation sites [11, 12] . Although the potential glycosylation sites are located throughout HA, many are located around the antigenic sites in the globular-head region [6] . The presence or absence of carbohydrate can play a role in antigenic variation by masking and unmasking antigenic sites [12] and may modify the accessibility of antibody to antigenic sites.
Variation was observed in glycosylation of HAs among the H3N2 viruses analyzed in the present study. Strains in this study had 7-9 potential glycosylation sites. Glycosylation sites in the stem of the HA1 domain (8, 22 , 38, and 285) were more con- (1 April) served than those in the globular-head region. The potential glycosylation sites at positions 8, 22, 38, 63, 126, 165, and 285 were completely conserved. Two potential glycosylation (N-X-S/T) sites were gained or lost at residues 122-124 and 246-248 between the first and second isolates in each pair, with the exception of pair 6, for which no differences in the number and location of potential glycosylation sites were seen.
Discussion
A great deal has been learned about the molecular epidemiology of the HA genes of influenza A(H3N2) viruses [8] that have circulated since 1968. It is believed that at least 4 amino acid changes located in at least 2 antigenic sites occur between epidemic strains of the H3N2 subtype, that changes most often occur in antibody-combining sites A and B, and that antibodies binding to the residues that make up the receptor-binding pocket inhibit binding of red blood cells to HA. These changes are also likely to affect antigenicity, enabling viruses with these changes to infect a host who was previously infected with a virus of the same subtype. Because these observations reflect what is occurring at the population level, we were interested in determining whether the same patterns applied to successive influenza A(H3N2) virus infections of individuals. Determining the molecular basis of reinfection in an individual might help us refine our understanding of antigenic drift.
There were 9-22 coding mutations seen between the members of pairs of isolates in the HA1 domain of the HAs. The majority of these differences occurred in or near the 5 antibody-combining sites (A-E). Changes in the antibody-combining sites contribute to antigenic drift and the inability of antibody to the previous strain to neutralize the variant virus, thus permitting reinfection. Amino acid changes between the HAs of sequential isolates occurred in at least 3 of the 5 antibody-combining sites for all 6 pairs and occurred in all 5 sites for 2 pairs (pairs 2 and 5). We observed the most changes in site D and the fewest in site C in the present study. Gain or loss of potential glycosylation (N-X-S/T) sites between isolates may also play a role in reinfection. Positions 124 and 248 are located at the distal end of the globular head and lie in close proximity to the receptor-binding pocket. The mutation and subsequent potential alteration of the carbohydrate at residue 124 has been observed only in viruses similar to the reference strain, Oregon/4/80, which circulated from 1980 through 1983. The mutation at residue 248 was initially seen in the Philippines/2/82 reference strain and has been conserved in all isolates identified since that point. Theoretically, glycosylation at these positions may alter the ability of antibodies to bind to the antibody-combining sites, and these changes may contribute to the inability of previously acquired antibodies to protect from infection with a new strain. In the present study, we were unable to determine whether a change in a potential glycosylation site affected antigenicity. Nakajima et al. [13] reported that, in general, reinfection among hospitalized children from whom influenza A(H3N2) viruses were isolated between 1983 and 1991 occurred when the primary isolate was located on an evolutionarily distinct branch of a phylogenetic tree. However, this was not a requirement for reinfection. In 2 of the 7 paired sets of isolates, sequences at the amino acid level were identical, despite the 2-3 year interval between collection of the first and second isolates. It was suggested that a latent virus may have caused the second infection for these 2 individuals. However, there are other possible explanations. First, a data set was generated for isolates obtained from hospitalized patients, a group that may have included immunosuppressed children, who can shed influenza viruses for a prolonged period of time [14] . It is also possible that children who are hos- Figure 1 . A, Evolutionary relationships between study isolates. Phylogenetic tree of the HA1 domain of the hemagglutinin gene. Horizontal spacing indicates the no. of nucleotide differences between branch points. Vertical distances are included for the sake of spacing and to accommodate insertion of labels. Numeric values are bootstrapping confidence values for 100 replicates. Vaccine strains are identified by an asterisk (*). B, Position of amino acid differences in pair 4 on the hemagglutinin trimer, looking down the 3-fold axis of symmetry. The HA1 domain of the polypeptide is represented by a Ca trace in blue; the HA2 domain is represented by an orange trace. Residues that belong to an antibody-combining site are color coded: red, A; yellow, B; magenta, C; cyan, D; green, E; white, positions not assigned to an antibody-combining site. Boxed residues are those in which all pairs shared a change. The receptor-binding pocket is not shown [8] .
pitalized more than once for influenza virus infections may have underlying medical conditions that predispose them to reinfection with similar viruses. However, these scenarios are not likely to lead to isolation of viruses with identical sequences, and the possibility of laboratory error must be considered. Our data from H3N2 isolates collected from 1983 through 1988 show a different pattern of reinfection from those of Nakajima et al. [13] . Isolates from different years and from different individuals in that study were shown to be genetically identical; all of the HAs of our isolate pairs were genetically different and were located in Table 1 . Numbers and locations of amino acid differences in the antibody-combining sites of the HA1 domain of hemagglutinin observed between pairs of influenza A(H3N2) viruses isolated on first infection and reinfection of patients enrolled in the Houston Family Study. phylogenetically distinct clades, with the exception of pair 1. Also, in contrast to the study by Nakajima et al. [13] , in which viruses were isolated from hospitalized patients, viruses in the present study were obtained from children who were part of a family study, and none of the 6 individuals included in the analysis was hospitalized during the 2 episodes of respiratory infection. Eighteen positively selected codons have been identified among HAs of influenza A(H3N2) viruses [15] . Of these positively selected codons, only residue 124 was observed to have changed in 5 of the 6 virus pairs examined in the present study, which suggests that the mutations are not driven by antibody pressure. Other highly conserved changes, at positions 67, 144, 163, 173, 248, and 307, were all residues belonging to 1 of the 5 antibody-combining sites. Of these conserved changes, only the D144V mutation represented a change from an acidic to an uncharged residue, and the D173K mutation is a change from an uncharged to a basic residue. Changes in antibody-combining sites, potential glycosylation sites, and age of the host play a role in allowing the influenza virus to successfully evade detection and cause infection. The observed amino acid differences and phylogenetic relationships provide a likely explanation for the reinfections among persons in the present study, and further studies should be undertaken that continue this work for all subtypes of influenza virus and among all age groups, to establish the type and nature of the changes that allow reinfection to occur. This observation is critical to our understanding of how protective immunity against influenza is acquired and maintained.
